To remain competitive in currently unpredictable markets, the enterprises must adapt their manufacturing systems to frequent market changes and high product variety. Reconfigurable manufacturing systems (RMSs) promise to offer a rapid and cost-effective response to production fluctuations under the condition that their configuration is attentively studied and optimised. This paper presents a decision support tool for designing reconfigurable machining systems to be used for family part production. The objective is to elaborate a cost-effective solution for production of several part families. This design issue is modelled as a combinatorial optimization problem. An illustrative example and computational experiments are discussed to reveal the application of the proposed methodology. Insight gained would be useful to the decision makers managing the configuration of manufacturing systems for diversified products.
INTRODUCTION
Today manufacturing companies have to cope with increasing global competition and unpredictable market changes driven by the rapid introduction of new products and constantly varying product demand [12] . One of the possible responses to the challenge of me introduction of reconfigurable equipment in the manufacturing process. The manufacturing equipment (RMSs) was invented to provide a rapid and cost production requirements. This is accomplished through for a diverse set of products often required in small quantities and with short delivery lead time [2 In practice, different physical structures can support the physical physical structure defines such core characteristics of RMS as modularity, scalability, convertibility and diagnosability [16, 29] . This paper considers in particular reconfigurable machining systems with rotary transfer and turrets (Fig. 1 ). The goal is to develop optimization methods adapted to this physical structure that will help designers to select machining units and to match the system configuration with the production requirements of each particular part family. At each working position, modular machining units (modules) are used for processing parts. In the considered design problem, the following machining units are distinguished:
1) According to the number of machining units linked together:
Today manufacturing companies have to cope with increasing global competition and unpredictable market changes driven by the rapid introduction of new products and constantly varying product demand [12] . One of the possible responses to the challenge of meeting customers' needs is offered by the introduction of reconfigurable equipment in the manufacturing process. The manufacturing equipment (RMSs) was invented to provide a rapid and cost s accomplished through reconfiguring the system elements over the time for a diverse set of products often required in small quantities and with short delivery lead time [2 In practice, different physical structures can support the physical reconfiguration of the system. The physical structure defines such core characteristics of RMS as modularity, scalability, convertibility and ]. This paper considers in particular reconfigurable machining systems with rotary and turrets (Fig. 1 ). The goal is to develop optimization methods adapted to this physical structure that will help designers to select machining units and to match the system configuration with the production requirements of each particular part family. Today manufacturing companies have to cope with increasing global competition and unpredictable market changes driven by the rapid introduction of new products and constantly varying product demand eting customers' needs is offered by the introduction of reconfigurable equipment in the manufacturing process. The reconfigurable manufacturing equipment (RMSs) was invented to provide a rapid and cost-effective response to the system elements over the time for a diverse set of products often required in small quantities and with short delivery lead time [21] .
reconfiguration of the system. The physical structure defines such core characteristics of RMS as modularity, scalability, convertibility and ]. This paper considers in particular reconfigurable machining systems with rotary and turrets (Fig. 1) . The goal is to develop optimization methods adapted to this physical structure that will help designers to select machining units and to match the system configuration with the At each working position, modular machining units (modules) are used for processing parts. In the 1.a) a spindle head which constitutes a single machining module that contains one or several spindles applied in parallel to the part being machined, 1.b) a turret which holds several machining units activated in a given sequence as shown in Fig. 1 2) According to the direction of machining process:
2.a) the vertical modules that are applied to machine vertically (Z-axis). Note that in the considered case if a vertical turret is installed at one position, it is only used at this position. However it is also possible to install a vertical spindle head common to several working positions.
2.b) the horizontal modules that are fixed and applied to the parts to machine horizontally (other axes)
The design of transfer machines with rotary or mobile tables was mostly studied for mass production [4, 6, 17] . For such machining systems, the reconfiguration process is not effortless, is costly and requires solving a specific optimization problem as it was studied in [25] . Usually, the reconfiguration of mass production transfer lines is made only every 7 years.
Since the introduction of the concept of reconfigurable manufacturing systems (RMS) by Koren et al. [20] , the configuration and reconfiguration of such systems have been often discussed in the literature [9, 26] . However, the previous studies have considered different physical structures of RMS in comparison to that considered in the present paper [11, 18, 24] . As a consequence, the existing optimization methods cannot be applied directly to the design of reconfigurable rotary machining systems with turrets. In particular, the cost of the installation of RMS and their operation were assessed in [23, 28, 30] . Such important actual performance indicators as their rapid responsiveness and value creation have been discussed in details in recent studies [19, 22] . Other optimization problems related to the use of RMS have been also revealed in the literature, namely: measurement of operational capability [14] , recognition of appropriate sets of part families [15] , integrated process planning and scheduling for RMS [8] , production planning and performance optimization [1] . Borisovsky et al. [10] and Essafi et al. [13] studied the problem of balancing reconfigurable machining lines. Variety-oriented design of machining systems used for batch production was considered by Battaïa et al. [3] . An overview of on artificial intelligence applications to the optimal design of dedicated and reconfigurable manufacturing systems was presented by Renzi et al. [27] . This paper develops a novel decision support tool assisting designers in the design of reconfigurable rotary machining systems for part families production. This design problem is formulated as a combinatorial optimization problem. Section 2 introduces the general statement of the problem and provides a mathematical model for variables, constraints and the objective function. Section 3 presents the mathematical model and the solution approach. An industrial example is considered in Section 4.
Concluding remarks are given in Section 5.
PROBLEM STATEMENT

Definitions
The machine to be designed is employed for machining several families of similar parts. No setup is required for different parts from the same family [2] . However, a reconfiguration of the system may be required between different families.
At the design step, it is assumed that there are  families of parts to be produced with required output O  , =1,2,…, . At the end of each family, the machine is reconfigured for machining the next family, i.e. 
where (a)=   if a is multiple to   and (a)=mod(a,   ) otherwise.
The machine to be designed should perform the set of machining operations N=  To sum up, the following assumptions are considered at the design step:
 The families of parts to be machined are defined by required machining operations and required output.
 The number of working positions is defined.
 The loading sequence of families of parts is given.
 The orientation of the parts cannot be changed at any working position.
Decisions to be taken
The goal of the design problem is to define the configuration of the machining system. More precisely, the designer has to define: Taking into account these definitions, let P=<P 1 ,...,P k ,...,P m 0 > be a design decision with P k =( 11 1k P , 11 2k P ,..., 
Machining time calculation
The execution time t b (P dkjl ) of operations from N dkjl with the feed per minute
where L(N dkjl )=max{(p)|pN dkjl }, and  a is an additional time for advance and disengagement of tools [17] .
We assume that if a turret of type j is installed at the k-th position then the execution time of operations from N dkjl is equal to
where  g is an additional time for one rotation of turret [7] . Then the time T(P) for machining all the families of parts is equal to
The required productivity is provided, if the total time T(P) does not exceed the available time T 0 .
Objective function
Let C 1 , C 2 , C 3 , and C 4 be the relative costs for one position, one turret, one machining module of a turret, and one spindle head respectively. Since the vertical spindle head (if it is present) is common to several positions, its size (and therefore the cost) depends on the number of positions to be covered. Let 
Since the vertical spindle head has a common feed rate it can be determined in advance if it is possible to install a common vertical spindle head for all machined parts. It cannot be installed if max{γ 1 
The number of variables and constraints can be reduced by using set N instead of N. The set N is built ; pN (6) Precedence constraints:
where 
Empty machining modules are not allowed: The required productivity is provided if 
Since the considered problem is a generalization of the design problem for a single product, the considered optimization problem is also NP-hard. As a consequence, a heuristic approach is needed for large scale instances.
Heuristic approach
The overall heuristic approach is based on comparing two design solutions which use a spindle head or a turret for vertical machining. The second one is obtained by finding the best partitions of N 1 and N 2 to vertical and horizontal machining modules separately and then combining these partitions appropriately. Step 1. Let C min = , TR tot = 0, TR nimp = 0.
Step 2. Let C=0, N a = , m=0.
Step Step 6. If set NN 1 N m11 cannot be assigned to the same machining module, then set N na =N na N and go to Step 9. Otherwise set N m11 =N m11 (NN 1 ).
Step 7. Divide set NN 2 Step 10. If N a does not include all the operations from N, then go to Step 2.
Step 11. Compute C=Q(P).
Step 12. If C min > C , then set C min = C, TR nimp = 0 and keep the current solution as the best, set TR nimp = TR nimp + 1, otherwise.
Step 13. Set TR tot = TR tot + 1.
Step 14. Stop if one of the following conditions holds:  a given solution time is exceeded;  TR tot is greater than the maximum number of iterations authorized;  TR nimp is greater than a given value;  C min is lower than a given cost value.
Go to
Step 2, otherwise.
This algorithm can also be applied for assigning operations from If there is still a tie, then one of the equally ranked candidates is chosen at random. In the next section, these heuristics are applied to an industrial example.
An industrial example
The following 6 parts are to be machined (Fig. 2 -6 ). Elements of the first five parts are located on two sides and elements of the sixth part are located on one side. Parameters of operations are presented in Table 1 . . The total number of feasible orientations of all parts is 64=2 6 . Fig. 2 The first part to be machined Fig.3 . The second part to be machined Fig.4 Tables 2, 3 , 4 and 5, respectively. Inclusion constraints for machining modules are given in Table 6 . Operations to be executed by the same spindle are presented in Table 7 . 1  31  12  42  2  32  21  51  3  33  22  52  4  34  23  53  5  35  24  54  6  36  25  55  7  37  26  56  8  38  27  57  9  39  28  58  10  40  29  59  11  41  30  60 The total number of feasible orientations of all the parts was reduced to 16 due to the inclusion constraints (Table 7) . The academic version of solver CPLEX 12.2 was used to solve the corresponding problems (1) - (41) for each combination of part orientations, but only one combination of part orientations resulted in a feasible system configuration. The obtained results are presented in Table 8 . This solution was found in 0.56 seconds. The unfeasibility of 14 problems was discovered in 0.33 seconds on average. However, for one problem, 1.2 seconds were necessary to prove the unfeasibility of the problem. The total solution time was 6.5 seconds. The number of variables in MIP models was equal to 864.
The obtained optimal solution and its characteristics are presented in Tables 8 and 9 were generated using tools developed previously [5] . Experiments were carried out on ASUS notebook (1.86 Ghz, 4 Gb RAM) with academic version of CPLEX 12.2. In Table 11 we compare results for CPLEX12.2 (maximal solution time 3600 sec) with SAO1 -SAO8
for TR nimp =500, C min = 0. TR tot was set to 1000 for SAO1 and SAO2 and 200 for SAO3-SAO8. Only the best heuristic results are provided in Table 11 . In this table NSOL is the number of problems with a founded feasible solution, NOPT is the number of problems with proven optimality, AVT is the average solution time (in sec), AVED and MAXD are average, and maximal deviations (in percents) of the found value of the objective function from the best known respectively. Minimal deviation was 0 for all instances. These results show that the CPLEX solutions remain time-efficient for the problems with up to 6 different parts. For the problems with more parts to be produced, the heuristics can be used in the cases where CPLEX does not provide optimal solution or any solution at all. It can be noted that MAXD is superior for CPLEX solutions (a feasible solution found but not optimal) than for heuristic solutions. As a conclusion, both developed approaches are usefull in practice to treat different industrial cases.
Conclusion
The use of reconfigurable machining equipment can be an efficient response to increasing global competition and unpredictable market changes. Due to the physical structure that can be easily changed, the machining configuration can be optimized for each particular part family. The use of the optimization methods at this stage helps to reduce the total design time and to promptly discard unfeasible solutions.
This paper proposed a decision support approach for the design of reconfigurable rotary machining systems with turrets used for producing several families of parts. The complex design constraints such as compatibility and productivity requirements as well as design objectives were modeled within a mixed integer program. The model allows taking efficient decisions about part orientations, selection of machining modules and configuration/reconfiguration of working positions depending on the part families to be produced. The approach was validated on industrial case studies and one of these industrial examples was illustrated in the paper. The conducted study showed that the solution time to find the best cost-efficient machine configuration respecting all given constraints remains acceptable for the machine designers. Further development will concern the design of reconfigurable machining lines consisting of several reconfigurable machines. In order to evaluate the dynamic behaviour of the system, further studies should be conducted in order to develop appropriate simulation models and the integration scheme to combine optimization and simulation techniques in an efficient design scheme.
